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STUDIES OF MANUAL CONTROL SYSTE34.S 

I. INTRODUCTION 

This I s  a report  of the  work we have done under Contract 
NASw-668 during the three-month period beginning 19 October 
1964 and ending 18 January 1965, the t h i r d  quarter  of the 
second year  of the  contract .  

The repor t  presents  the r e su l t s  of an experiment designed t o  
inves t iga t e  in t e rac t ion  occurring i n  a two-axis, mixed-dynam- 
i c s  t racking task. Our t e s t  hypothesis was that  t racking 
performance i n  a given axis  would not d i f f e r  i n  the following 
two s i tua t ions :  (1) when that  a x i s  a lone was tracked, and 
(2)  when an addi t ional  axis  having dissimilar dynamics was 
simultaneously tracked. There were three tes t  conditions:  
(1) X-axis t racking alone with acce lera t ion  dynamics; (2 )  
Y-axis tracking alone wi th  pos i t ion  dynamics; (3) two-axis 
t racking w i t h  accelerat ion i n  the X-axis and pos i t ion  i n  the 
Y-axis. Performance has been quant i f ied i n  terms of normal- 
ized  mean-squared e r r o r  and i n  terms of describing functions.  

I n  the previous progress report  (Report No. 5 ,  dated 1 Dec- 
ember 1964) w e  mentioned a preliminary experiment which 
showed a degradation of performance i n  both axes i n  going 
from the s ingle-axis  t o  the two-axis condition. Our observa- 
t i ons  were inconclusive a t  t h a t  t i m e ,  because the  subjec t  



t 
I 
8 
P 
8 

Job No. 11126 Bolt Beranek and Newman Inc 

had not been fully t ra ined i n  the mixed-dynamics task. The 
experiment was repeated under well-controlled conditions dur- 
ing t h i s  past repor t  period, and data  were taken only a f t e r  
the  subject  had reached asymptotic performance. The r e s u l t s  
of t h i s  experiment indicate  tha t  the  hypothesis as stated i n  
the previous paragraph should be rejected.  !The normalized 
e r r o r  i n  the pos i t ion  axis  was more than doubled by the addi- 
t i o n  of the second ax is ;  t h i s  e f f e c t  was s ign i f i can t  t o  below 
the  0.005 level. This increase i n  e r r o r  was accompanied by a 
corresponding change i n  the human operator 's  descr ibing func- 
t i on .  There was a l s o  a degradation of about 10 percent i n  
the accelerat ion axis i n  going from the s ingle-axis  t o  the 
two-axis task. 1 
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11. EXPERIMENTAL DESIGN 

This sec t ion  presents d e t a i l s  of equipment and procedure. that 
are appl icable  t o  the  particular experiment under review. 
reader  i s  r e fe r r ed  t o  Section I1 of Progress Report No. 5 for 
a f 'u l le r  descr ip t ion  of the  tracking apparatus. 

The 

Tracking was compensatory, with acce lera t ion  dynamics i n  the 
horizontal  axis ( X - a x i s )  and pos i t i on  control  i n  the v e r t i c a l  
axis (Y-axis). The control-display r e l a t ionsh ips  were 64 cm 
of e r r o r  displacement pe r  second per  centimeter of s t i c k  dis-  
placement i n  the X - a s ,  and 3.2 crdcm i n  the  Y - a x i s .  
numerical values were chosen s o  that the cont ro l  e f fec t iveness  
(CE) would l i k e  between 5 and 10 i n  each axis. The CE was de- 
f ined  f o r  the X-axis t o  be the maximum dot  acce lera t ion  obtain- 
ab le  from the control  divided by the  RMS acce lera t ion  of the 
forc ing  function; the  Y - a x l s  CE was defined as the maxinwn dot 
de f l ec t ion  divided by the  RMS of t he  forcing function. 

2 
* 

These 

Since the control  s t i c k  had no mechanical s tops  t o  l i m i t  i t s  
def lect ion,  the  maximum obtainable acce lera t ion  o r  pos i t ion  

* 
These numbers represent t h e  t r a n s f e r  funct ion of the  s t i c k  

(&-volts output per cm of s t i c k  def lec t ion)  cascaded w i t h  the 
cont ro l led  element dynamics ( 1 6 h  f o r  the  X - a x i s  and 0.8 f o r  
t he  Y-axis). 
ed in the next s ec t ion  tnclude the s t i c k  t r a n s f e r  function. 

2 

The human operator describing funct ions present- 
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was arbitrarily determined by  choosing 3 pds (equivalent t o  
3 cm of s t i c k  def lect ion)  as the maximum force  t o  be appl ied 
by the operator. This force was never exceeded during the 
experimental t r ia ls .  
i n  the two axes i n  order t o  minimize cross-coupling i n  the 
operator 's  motor system. 

The CE was maintained roughly the same 

The input  s igna ls  were pseudo-Gaussian with augmented rectangu- 
l a r  spectra .  The bandwidths of the p r i m r y  and secondary com- 
ponent were 4 and 9 rad/sec, and FlES s igna l  l e v e l s  i n  terms 
of dot  motion were 2.0 2nd 0.1 cm, respect ively.  The stat is-  
t i c s  of the X and Y forcing funct ions were iden t i ca l ,  although 
the waveforms were uncorrelated. 

A single subject  was employed i n  t h i s  experiment. He was 
trained u n t i l  he appeared t o  reach an asymptotic l eve l  of 
performance i n  each condition. 
of 27 t r ia l s  (108 minutes of t racking)  presented i n  a balanced 
order. The t r ia ls  were grouped i n t o  nine sessions each of 
which consis ted of three 4-minute t r ia l s  separated by 1-minute 
rest periods. The experimental plan is  indica ted  i n  Table I. 

Data-taking required a t o t a l  

"he conditions were iden t i ca l  within a given session,  but  
were var ied from session t o  session.  I n  order  t o  f a c i l i t a t e  
a d i r e c t  comparison between single- and two-axis performance, 
the input  ( forcing function) on a given axis was i d e n t i c a l  f o r  
a l l  telals i n  which that a x i s  was tracked. The X and Y inputs  
were d i f f e ren t  from each other, however. 

The c i r c l e  diameter was varied t o  provide the subjec t  w i t h  a 
continuous ind ica t ion  of h i s  performance on a mean-squared 

4 
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e r r o r  c r i t e r i o n .  Th i s  prccedure has been described i n  the 
preceding progress r epor t .  The " c i r c l e  gain" ( i .  e., t he  
r e l a t ionsh ip  between squared e r r o r  and diameter) was not con- 
s t a n t ,  but was adjusted inversely t o  the  d i f f i c u l t y  of the 
tank s o  that  the subjec t  would see the same average c i r c l e  
diameter and hence would have. the same incent ive when t rack-  
ing with acce lera t ion  control. When the subjec t  tracked the 
two axes simultaneously, the X and Y c i r c l e  gains were weighted 
on t h e  basis of the  single-axis r e s u l t s  s o  that 

(1) the  average c i r c l e  diameter i n  the  two-axes task 
would be the same as i n  each of the  s ingle-axis  tasks, 
and 

(2) the e r r o r s  on the two  axes wauld contr ibute  equally 
t o  the  diameter. 

Thus, i f  a c i r c l e  ga in  of Kx were needed t o  maintain an aver- 
age c i r c l e  diameter of 0.6 crn i n  the s ingle-axis  acce lera t ion  
task, and a gain of % were needed t o  maintain a s i m i l a r l y  
s i z e d  c i r c l e  i n  the single-axis pos i t ion  task,  the c i r c l e  
ga ins  i n  the two-axes t a s k  would be Kx/2 i n  the X-axis and 
$/2 i n  the  Y-axis. 
the subject  tQ a t t end  equally t o  the  two tasks even th:ugh 
they were unequal i n  d i f f i c u l t y ,  s ince  w e  found during 
training that  the degradation i n  performance i n  the  ax i s  with 
pos i t i ona l  control  was noticeably g r e a t e r  when the axes were 
weighted evenly than when they were weighted as  j u s t  des- 
cribed. Presumably the subject was devoting the l a r g e r  por- 
t i o n  of h i s  e f f o r t s  t o  the  more d i f f i c u l t  of the two tasks .  

T h i s  procedure was adopted t o  encourage 
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111. 

A, 

RESULTS 

ERROR SCORES 

The normalized mean-squared e r r o r  w a s  computed by dividing 
the  mean-squared e r r o r  of a t r i a l  by the corresponding mean- 
squared input.  The scores obtained during the 27 experimental 
runs are p lo t ted  i n  Fig. 1. With the exception of the f i rs t  
sess ion  (Trials 173) the  performance was remarkably stable and 
showed no learning trend. The r e l a t i v e l y  higher scores  of the 
f irst  session ind ica t e  e i ther  t h a t  the subject  was not  f u l l y  
warmed up a t  the s t a r t  of the data-taking, or t h a t  he modified 
h i s  t racking strategy t o  s u i t  the p a r t i c u l a r  tes t  s igna ls  
during that  session. 

The mean e r ro r s  and t h e i r  standard deviat ions have been es- 
timated from the e r r o r  scores and are presented i n  Table 11. 
The r a t i o  aM/aM was used t o  estimate the s t a t i s t i c a l  s ign i -  
f icance  of the  differences between one- and two-axis e r ro r s .  
AM is  the difference between mean e r ro r s  and % is  the estim- 
a t ed  standard deviat ion of t h i s  difference,  The X-axis 
(K/s2) r e s u l t s  are s igni f icant  a t  the .025 l eve l ,  whereas the 
Y-axis (K)  r e s u l t s  a r e  s ign i f i can t  t o  below the 0.005 l e v e l  
on the assumption t h a t  the  scores  have a t d i s t r ibu t ion .  Two 
measures of the percentage difference between single-axis and 
two-axis tracking are provided. If w e  take the average of 
t he  s ingle-axis  and two-axis performances as the basis f o r  
comparison, the difference between s ingle-axis  and two-axis 
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performance 1s 12.6 percent i n  the X-axis and 77 percent i n  
the Y-axis. When the  single-axis performance is  the basis 
f o r  comparison, t h e  percentage increase i n  e r r o r  i n  the two- 
axis task is 13.5 percent i n  the  X-axis and 125 percent i n  the  
Y-axis. Thus, two-axis tracking with asymmetrical dynamics 
produces a r e l a t i v e l y  large and s t a t i s t i c a l l y  s i g n i f i c a n t  
degradation i n  performance i n  the ax i s  wi th  pos i t iona l  control .  
There is  a l s o  a s ign i f icant ,  but  much smaller, degradation i n  
performance i n  the ax is  w i t h  acce le ra t ion  control .  Possible 
explanations f o r  these results a r e  presented i n  Sect ion IV. 

B. BODE PLOTS 

Y-Axis  Performance 

Figure 2 contains samples of Bode Plots  obtained on the Y-axis 
during s ingle-axis  and two-axis tracking. These p l o t s  repre- 
s en t  the l i n e a r  re la t ionships  between Y-axis e r r o r  and Y-axis 
output. Since the control led element was a pure gain, the  
error-to-output describing funct ion i s  i d e n t i c a l  t o  that of 
t he  human opera tor  (error- to-s t ick)  except f o r  a g a i n  constant.  

The s ix  curves represent  human con t ro l l e r  cha rac t e r i s t f c s  
obtained w i t h  the same segment of the  forcing funct ion.  The 
measurements began two minutes  following the onset of the 
s igna l  and lasted f o r  30 secs. Each curve represents  a differ-  
en t  experimental run. Curves a, c, and e were obtained during 
Trials 13-15; curves b, d, and f were obtained during Trials 
16-18. 

7 
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Bode Plots  of Fig. 2 a re  compared i n  Fig. 3 i n  which is  in-  
d ica ted  the range of ga in  and phase spanned by the three 
single-axis p l o t s  and the three two-axis p lo ts .  The r e s u l t s  
of the single-axis task show a narrower spread than the two- 
axis r e su l t s .  
energy is  s ign i f i can t  ( i .  e.,  between 1/4 and 4 rad/sec),  the 
spread i n  gain among the single-axis p l o t s  i s  less than 3 db, 

whereas f o r  the  two-axis r e s u l t s  it ranges up t o  6 db. 
phase curves are remarkably consis tent ,  varying by less than 
20 degrees ( i n  the single-axis task)  and less than 45 degrees 
i n  the  two-axis task a t  frequencies below 4 rad/sec. 

I n  the range of frequency i n  which the input  

The 

There is  a consis tent  difference i n  the amplitude r a t i o s  be- 
tween the two t racking s i tua t ions .  The single-axis AR i s  
about 6 db higher on the average than the two-axis AR a t  
frequencies below 4 rad/sec. The curves are e s s e n t i a l l y  co- 
incident  a t  higher frequencies. The two-axis phase p l o t s  
i nd ica t e  lead a t  frequencies below 1/2 rad/sec and show l e s s  
phase iag than the s ingle-axis  curves over the e n t i r e  fre- 
quency range. 
sec  f o r  both single-axis and two-axis tracking. The phase- 
crossover frequency is  around 6 rad/sec i n  the single-axis 
task and 8 rad/sec i n  the two-axis task. Since phase cross- 
over occurs a t  lower frequencies than ga in  crossover, the 
subjec t  has exhibi ted a negative phase margin: roughly 60 
degrees i n  the s ingle-axis  s i t u a t i o n  and 40 degrees i n  the 
two-axis case. 

The gain-crossover frequency i s  around 10 rad/ 

One explanation f o r  t e  negative phase margin i s  that it is  an 
anomaly of the measurement technique. Since the re  is an 

8 
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in s ign i f i can t  amount of e r r o r  power a t  10 rad/sec (about 18 
db less than the power a t  low frequencies) the ana lys i s  f i l -  
ters can make a poor approximation tjo the describing funct ion 
i n  that region of frequency without s i g n i f i c a n t l y  degrading 
the match (on a mean-squared e r r o r  basis) between f i l t e r  out- 
put  and human operator  output. 

The differences i n  Bode Plots correspond well  w i th  differences 
i n  e r r o r  scores.  A set of normalized mean-squared e r ro r s  was 
computed which correspond t o  the same input  segment from 
which the Bode Plots  were obtained. The average of the three 
single-axfs scores  was 0.029; the two-axis scores  averaged t o  
0.082. 
of the Bode Plots, the desc r ib ing  funct ions were approximated 
by pure gains .  T h i s  approximation i s  reasonable s ince  the 
amplitude r a t i o s  a r e  f a i r l y  f l a t  over the range of s i g n i f i -  
cant  s igna l  energy. 

I n  order t o  compute the e r ro r s  expected on the basis 

The averages of the ampli tude r a t i o  curves over the  range of 
1/4 t o  4 rad/sec were 13.5 db f o r  the  s ingle-axis  p l o t s  and 
9.0 db for the two-axis r e su l t s ,  corresponding t o  r a t i o s  of 
5.63 and 2.82. 
normalized mean-squared e r ro r  shocld equal the  square of the 
t r a n s f e r  funct ion from input t o  e r ror .  Thus 

I f  the system is  e s s e n t i a l l y  l i n e a r ,  the 

which y ie lds  normalized errors of 0.030 and 0.068 f o r  the 
s ing le-  and two-axis s i tua t ions ,  respect ively.  

9 
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Figure 4 shows Bode Plots  obtained from successive segments 
of the same run. Since the  differences among describing f’unc- 
t i o n s  obtained from successive segments i n  t h e  same t r i a l  are 
g r e a t e r  than the  differences seen i n  p lo t s  obtained from 
i d e n t i c a l  segments of successive t r i a l s ,  such differences are 
l i k e l y  t o  r e f l e c t  changes i n  operator  behavior, o r  measurement 
a r t e f a c t s  caused by the nature of the p a r t i c u l a r  segment of 
forc ing  function. We showed t h i s  t o  be the case in the pre- 
vious progress report .  The differences between single-axis 
and two-axis p lo t s ,  however, are similar f o r  all three seg- 
ments. The s ingle-axis  and two-axis r e s u l t s  corresponding t o  
the four th  and f i f t h  segments are p lo t ted  on a common s e t  of 
axes for comparison i n  Figs. 5 and 6 .  

X-Axis Performance 

Six human operator descr ibing funct ions,  represent ing the re- 
sponses t o  iden t i ca l  segments of forcing funct ions,  are dis-  
played i n  Fig. 7 ;  p lo t s  a, c,  and e are f o r  s ingle-axis  t rack-  
ing (Tr i a l s  10-12) and b, d, and f are f o r  two-axis t racking 
( T r i a l s  16-18). The input segments f o r  a l l  of these describ- 
ing funct ions were the same and coincided w i t h  t he  segment 
used t o  obtain the curves of Fig. 2. 

The two-axis gain and phase p l o t s  d i f fe r  i n  appearance from 
the s ingle-axis  curves i n  that the l a t t e r  show pronounced 
f luc tua t ions  i n  the neighborhood of 1/2 rad/sec. 
p o s i t e  p lo t  of Fig. 8 shows, however, t h a t  t h i s  difference i n  
appearance does not represent a major difference i n  system 
performance. The single-axis and two-axis curves are similar 

The com- 

10 



Job No. 11126 B o l t  Beranek and Newman Inc  

i n  form over the range of s ign i f i can t  s igna l  energy (1-8 rad/ 
s ec ) ;  the  s ingle-axis  amplitude r a t i o  is from 1 t o  3 db higher 
than the  two-axis AR. Note t h a t  the energy i n  the  e r r o r  sig- 
n a l  i s  cor re la ted  i n  a higher frequency region when the  con- 
t r o l l e d  element is second-order than when it i s  pure gain. 
Spec i f ica l ly ,  the open-loop g a i n  is s o  great a t  frequencies 
below 1 rad/sec t h a t  wide var ia t ions  i n  human operator char- 
a c t e r i s t i c s  i n  t h i s  region w i l l  have l i t t l e  e f f e c t  on over- 
a l l  performance. 

The open-loop describing functions (HxCx) corresponding t o  
Figs. 7c and 7d are p l o t t e d  i n  Fig. 9. This  set of curves 
was obtained by cascading the human describing funct ions w i t h  
16/s2, the control led element, for which p a i r  of descr ibing 
funct ions there is  no noticeable d i f fe rence  between the 
single-axis and two-axis r e s u l t s  above 1 rad/sec. This is  t o  
be expected s ince  the normalized e r r o r s  corresponding t o  these 
curves are the same (0.11). Unlike t h e  Y-axis describing 
functions,  these show a posi t ive phase margin of 10 t o  20 
degrees. Gain crossover occurs around 6 rad/sec. 

Human operator describing functions f o r  three successive seg- 
ments of the  same run a r e  shown i n  Fig. 10. Variat ions wi th  
respec t  t o  s igna l  segment a r e  minor between 1 and 8 rad/ 
sec. Figures 11 and 1 2  show tha t  va r i a t ions  w i t h  respect  t o  
number of axes tracked a r e  a l s o  small over t h a t  frequency 
range; the  gains  a r e  w i t h i n  3 db and the  phase lags vary less 
than 15 degrees. 

Closed-loop describing f’unctions (input-output) are shown f o r  
both the  X- and Y-axes i n  Fig. 13. Figures 13a and 13b 

11 
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correspond t o  the  Y-axis open-loop describing funct ions of 
Figs.  2c and 2d; Mgs. 13c and l3d correspond t o  the X-axis 
curves of Figs. 7c and 7d, and Fig. 9. The amplitude r a t i o  
of Fig. 13b is  uniformly l o w e r  than t h a t  of Fig. l3a, which 
r e f l e c t s  t he  differences between the single- and two-axis 
open-loop amplitude r a t i o s  shown i n  Fig. 3. The X-axis plots 
of Figs. 13c and 13d indicate  very t i g h t  control  a t  low 
frequencies,  as could be predicted from the  high, open-loop 
gains  seen i n  Fig. 9. However, a resonant peak i s  seen 
around 8 rad/sec (the open-loop phase-crossover frequency). 

12 
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nr. DISCUSSION 

We have shown t ha t  when the X-axis dynamiGs were K/s2 and 
the Y-axis dynamics were K, the  Y-axis performance suffered 
a not iceable  degradation i n  going from the s ingle-axis  to 
the  two-axis s i t ua t ion ,  whereas the change i n  X-axis per- 
formance was r e l a t i v e l y  minor. T h i s  asymmetric i n t e rac t ion  
between the axes occurred despi te  the following attempts t o  
equal ize  the in te rac t ion .  F i r s t ,  the  cont ro l  effect iveness  
i n  each axis was weighted s o  that  the RMS s t i c k  movements 
would be similar i n  the two axes. T h i s  procedure w a s  intended 
t o  equal ize  the  mechanical i n t e rac t ion ,  i. e., the occurrence 
i n  one axis of motions t h a t  were intended s o l e l y  f o r  t he  
o ther  axis .  Secondly, the c i r c l e  gains  were weighted s o  t ha t  
the  operator  would concentrate equal ly  on the two tasks. We 
f e e l ,  therefore ,  t h a t  the observed asymmetric i n t e rac t ion  i s  
a s ign i f i can t  r e s u l t .  

Our model of the human cont ro l le r  i s  divided i n t o  three major 
components : (1) the  information input ,  ( i n  t h i s  experiment, 
t h e  eyes), (-2) the  cent ra l  con t ro l l e r  ( t he  cen t r a l  nervous 
system), and ( 3 )  the  e f fec tor  outputs ( i n  t h i s  experiment, 
the hand and i t s  e f f e c t o r  muscles). The degradation of the 
Y-axis ( K )  performance i n  the mixed-dynamics task may r e f l e c t  
the l imi ta t ions  of a s ingle  component or  of a combination of 
components. The following hypotheses, some of which were 
discussed i n  the previous r e p o r t ,  are offered as possible  ex- 
planat ions f o r  the observed in te rac t ion .  
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1. 

2. 

3. 

4. 

5. 

Limitationr: i n  the  v isua l  system are important. 

Information processing c a p a b i l i t i e s  of the c e n t r a l  con- 
t r o l l e r  are overloaded. 

The organizational capabi l i t ies  of the c e n t r a l  control-  
l e r  are stressed; the subjec t  cannot generate the re- 
quired t r a n s f e r  functions when two d i f f e r e n t  t r a n s f e r  
functions must be generated simultaneously . 

In t e rac t ion  occurs i n  t h e  e f f e c t o r  outputs; t h e  subjec t  
cannot cont ro l  h i s  motor responses p rec i se ly  enough t o  
prevent motions intended f o r  a given ax i s  from in t ro -  
ducing components of motion i n  the o ther  axis. 

The subject  concentrates pr imar i ly  on reducing the X- 
a x i s  errors i n  the two-axis task because these e r r o r s  
are not iceably g rea t e r  than the Y-axis e r ro r s .  

These hypothese are discussed i n  order i n  the following para- 
graphs. On the bas i s  of present knowledge, all but  the  f i f t h  
hypothesis can be r e j ec t ed  as represent ing s i g n i f i c a n t  effects. 

1. Limitations of the visual  system. There was no l i m i t a -  
t i o n  due t o  sampling between the axes, s ince  the  two-dimen- 
s i o n a l  display allowed the subjec t  t o  observe both components 
of the e r r o r  simultaneously. The subjec t  may have had per- 
ceptual  d i f f i c u l t i e s  i n  t h e  two-axis task; t h i s  p o s s i b i l i t y  
w i l l  be discussed w i t h  hypothesis 5. 

14 
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2. Inf  ormationAverload,. The degradation i n  the Y-axis 
performance does nc t  ref lect  purely an overloading of the 
information processing capab i l i t i e s  of t he  cen t r a l  cont ro l le r .  
We have shown i n  previous experiments t ha t  the same subject  
was able t o  t r a c k  each of two axes i n  a two-axis task as well 
as e i ther  ax is  a lone when the  dynamics on the two axes were 
iden t i ca l .  Specif ical ly ,  t h e  e r ro r s  on e i t h e r  axis of a two- 
axis task with K dynamics on bo th  axes were less than the 
errors on e i t h e r  ax i s  of the mixed-dynamics task. Since the 
r a t e  of information t r ansmi t t ed  i s  inversely r e l a t e d  t o  t he  
t racking e r ro r ,  the  r a t e  a t  which the subject  was inherent ly  
capable of t ransmit t ing i n f o r m t i o n  was g r e a t e r  than the 
rate a t  which information wi?s t ransmit ted i n  the mixed- 
dynamics s i tua t ion .  

3 .  Organization of two describing functions.  The subject  
had a complex organizational task. I n  order t o  maintain 
roughly the same cpen-loop (error-to-ou-tput ) describing f m c -  
t ion ,  which he had t o  do i n  the  region of gain crossover, he 

had t o  simultaneously generate describing funct ions on X and 
Y t h a t  d i f fe red  by two integrat ions.  If the cen t r a l  processor 
were not  able t o  meet t h i s  requirement f u l l y ,  t h e  X-axis des- 
c r ib ing  funct ion i n  the  two-axis task might be expected t o  
assume some of the charac te r i s t ics  associated wi th  the Y-axis 
descr ibing funct ion i n  the single-axis task,  and vice versa;  
that  i s ,  the X and P human operator descr ibing funct ions ob- 
ta ined from two-axis tracking would resemble each other  more 
c lose ly  than those obtained rrom single-axis t racking.  
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T h i s  e f f e c t  was present t o  some extent .  Figures 2b, 4d, and 
4f show a low-frequency lead i n  the posi t ion-axis  describing 
funct ions f o r  the  two-axis s i t ua t ion .  Such a lead is  char- 
a c t e r i s t i c  of t racking w i t h  acce le ra t ion  dynamics, but not 
w i t h  pos i t ion  dynamics i n  the one-axis task.  On the o the r  
hand, the most s ign i f i can t  difference between the  s ingle-axis  
and two-axis describing functions i s  a r e l a t i v e l y  uniform 
difference i n  amplitude r a t io .  
the operator  is  doing t h e  same type of thing on the Y-axis 
i n  the two-axis t a s k  as i n  the s ingle-axis  task, but  less 
ef fec t ive ly .  On the whole, the requirement of simultaneously 
organizing two d i f f e ren t  describing f’unctions does not 
appear t o  be a major l i m i t i n g  fac tor .  

T h i s  behavior suggests tha t  

4. Motor in te rac t ion .  Even though the control  e f fec t ive-  
ness on each axis w a s  adjusted s o  tha t  the s t i c k  motions i n  
the two axes would have roughly the same RMS amplitudes, the  
nature  of the control  motions was qu i t e  d i f f e ren t .  The X-axis 
s t i c k  motion contained primarily high-frequencies, whereas 
the Y-axis response contained mainly low-frequencies, which 
behavior followed from the requirement of  generat ing a lead  
on the X - a x i s  and a lag on the Y-axis. Thus, one might ex- 
pect  that i n  the  two-axis s i t ua t ion  the rapid s t i c k  motions 
intended f o r  the X-axis might s p i l l  over i n t o  the  Y-axis and 
introduce some high-frequency errcr there.  

Figure 14  shows qua l i t a t ive ly  tha t  there  i s  some high-fre- 
quency in t e rac t ion  between X and Y s t i c k  motions. The 
three t racings are (a) a segment of Y-axis response ( s t i c k  
motion) obtained from single-axis t racldng,  ( b )  the corres-  

16 
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ponding segment of Y-axis response obtained from two-axis 
t racking,  and ( c )  the segmer,t of X-axis response coincident 
w i t h  Tracing b. Visual inspection of the Y-axis t rac ings  
reveals  a component around 3 cps i n  t h e  two-axis response 
that i s  absent i n  the single-axis response. 

A quant i ta t ive  measure of the  high-frequency in t e rac t ion  could 
be provided by a comparison of the e r r o r  o r  s t i c k  spectra .  On 
the basis of Figs. 14a and 14b, one would expect t o  see a 
r e l a t i v e  peak i n  the  two-axis spectrum i n  the region of 3 cps. 
Since that  frequency was beyond the  range of our ana lys i s  
techniques, we could not examine for such a peak. We d i d  ob- 
t a i n  the e r r o r  power spectra  f o r  the Y-axis over the region 
of s ign i f i can t  input  energy, however. The single-axis and 
two-axis spectra  a r e  plot ted together i n  PYg. 15; the spectra  
hzve been normalized w i t h  respect t o  the low- .equency end 
of the  single-axis curve. The spectra  d i f fe r  almost uni- 
formly over the range of s ign i f icant  frequencies a s  d i d  the 
Bode p lo ts .  Since the difference between the spectra  i s  
large enough t o  account f o r  the d i f f  rence between t h e  cor- 
responding mean-squared errors, we conclude tha t  the in t ro -  
duction of high-frequency errors due t o  the i n t e r  t i o n  of 
the X and Y s t i c k  motions accounts for a minor pa r t  of the  
difference between the single-axis and two-axis performance 
on the Y-axis. 

5. 
hib i ted  the Sam type of Y-axis behavior i n  the two-axis 
case as i n  the s ingle-axis  case, but  t o  a lesser degree. 
The simplest  conclusion t o  draw from t h i s  f inding,  and perhaps 

Uneven ------ Attention: We have shown that  the subject  ex- 

17 
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the most d i f f i c u l t  t o  quantify, is that the subject  concen- 
trates more heavi ly  on the  X-axis than on the Y-axis i n  the 
two-axis s i t u a t i o n  because the  X-axis e r r o r s  are bigger. It 
is quite possible  that the subject  re laxed h i s  c r i t e r i o n  of 
Y-axis performance despi te  our a t t e m p t s  t o  prevent t h i s  with 
unequal settings of c i r c l e  gains.  It is  a l s o  possible  that 
the subjec t ' s  perception of Y-axis e r ro r s  was modified by the  
presence of larger X-axis errors ;  that is, the Y-axis e r ro r s  
may have appeared t o  be smaller i n  the two-axis s i t u a t i o n  
than when the  Y-axis alone was tracked. 
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V. EXPERIMENTAL PLANS 

Me are present ly  repeating the experiments described i n  t h i s  
and previous reports with a number of subjects  s o  tha t  our 
conclusions will have more general  app l i cab i l i t y .  We hope t o  
inves t iga t e  more d i r e c t l y  the causes of the in t e rac t ion  be- 
tween axes. One possible  experiment is t o  weight the display 
gains  on the two axes inversely propcrt ional  t o  the average 
e r ro r s .  I n  t h i s  s i t u a t i o n  the subjec t  would see  errors of 
similar magnitudes an the two axes, even though h i s  r e l a t i v e  
performance (mean-squared error divided by mean-squared input )  
might be markedly d i f f e ren t  on the two axes. The i n t e n t  of 
th is  exercise  is t o  test d i r e c t l y  the  hypothesis t ha t  the 
observed in t e rac t ion  is  caused by the subject  a t tending prirn- 
a r i l y  t o  the axis with the larger e r ro r s .  
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Acceleration Dynamics on the X-Axis 

Position Dynamics on the Y-Axis 
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